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Uncertainty of the hyperon couphngs, in particular, that of 
the E~, in dense matter raises the question of the behavior of 
the electrochemical potential in neutron star matter, which is 
crucial to the possible presence of the kaon condensed phase. 
We show that regardless of this uncertainty, the A hyperon, 
whose coupling can be constrained by its binding in nuclear 
matter and other observations, also aided by the H~, intro- 
duce a saturation of the electrochemical potential just as the 
E~ would otherwise do, which tends to mitigate against kaon 
condensation. The maximum possible mass of neutron stars 
appears to be ~ 1.5Mq independent of the uncertainties. 



I. INTRODUCTION 

Hyperons, the strange members of the baryon octet, 
are hkely to exist in high density matter and in partic- 
ular its charge neutral form, often referred to as neu- 
tron star matter. The Pauli principle practically assures 
that their presence will lower the Fermi energy of baryon 
species and hence the total energy at given baryon num- 
ber. However, aside from this general argument, the cou- 
pling constants of hyperons also influences the extent of 
their participation. The A hyperon is a partial exception 
to this uncertainty ||l|. Its couplings can be at least con- 
strained by the experimentally extrapolated value of its 
binding in nuclear matter |0], by the results of an anal- 
ysis of hypernuclear levels H , and the requirement that 
theory can account for neutron stars of mass as great as 
1.5M0. 

The important neutron star properties that hyperons 
effect are the limiting neutron star mass and the pos- 
sibility of kaon condensation. As compared to models 
populated only by nucleons and leptons, hyperons re- 
duce the maximum mass by as much as 3/4Mq. The 
reason their presence strongly effects the possibility of 
kaon condensation is as follows : The effective mass of 
kaons in nuclear matter is reduced from its vacuum mass 
by an attractive interaction with the nuclear medium [pj . 
If the K~ effective mass sinks to a value of the electron 
chemical potential as the density of matter increases, the 
K^ can thereafter replace the electron as the charge neu- 
tralizing agent in neutron star matter. The kaons can 
all condense in the zero momentum state, whereas elec- 
trons have to occupy ever higher momentum states with 
increasing density. However, hyperons may saturate the 
electron chemical potential at a relatively low density ei- 
ther postponing the appearance of a kaon condensate to 



a high density, or preempting it altogether. The reason 
that hyperons can do this is because they carry the con- 
served baryon charge and they occur in all three charge 
states, ±1 and 0. Therefore it may happen that charge 
neutrality can be achieved most energetically favorably 
among baryons with little participation of leptons. (Lep- 
ton number is not conserved because of neutrino loss from 
the star.) The foregoing conclusions of Ref. H have been 
confirmed in subsequent work ||6|-g|. 

That hyperons can contribute to the saturation of the 
electron chemical potential and thereby preempt the con- 
densation of kaons depends, at first sight, on the E~ since 
it is the lowest mass baryon of negative charge and can re- 
place a neutron and electron. Extrapolated atomic data 
suggest that it may feel repulsion at high density, which 
would mitigate against its appearance in dense matter, 
although this remains inconclusive 0. Indeed, it has 
been suggested that the absence of the E~ would miti- 
gate the negative effect that hyperons have on kaon con- 
densation pol . 

However, we show in this paper, that even if the S~ 
is totally absent from dense neutral matter, the A hy- 
peron aided by the S~ also causes the electron chemi- 
cal potential to saturate and then decrease with increas- 
ing density. The A is known to experience an attractive 
potential in normal nuclear matter g as does the S~ 
O-Esl . The A can replace neutrons at the top of their 
Fermi sea with a reduction in the high value of the 3- 
component of the isospin of neutron star matter, thus 
reducing the assymetry energy, and with no increase in 
electron population with increase of density. The S~ can 
replace a neutron and electron and also enhance the pro- 
ton population at the expense of the neutron, just as the 
S~, and has a low density threshold in the absence of 
the E~. The net effect is that hyperons disfavor kaon 
condensation by terminating the growth of the electron 
population and electrochemical potential with increasing 
density, even if the S" interaction were so strongly re- 
pulsive that it is absent from neutron star matter in the 
density range relevant to those stars. 



II. THEORY 

We describe nuclear matter by the mean field solution 
of the covariant Lagrangian [^14-1^ which is a gener- 
alization of the model introduced first by Johnson and 
Teller @, by Duerr and later by Walecka ||: 
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The advantage of the model as compared with other mod- 
els of nuclear matter, is that it can be made to agree with 
five nuclear properties at saturation density, the high- 
est density for which we have any empirical knowledge, 
and it extrapolates causally to all densities. The baryon 
species, denoted by B, are coupled to the scalar, vector 
and vector-isovector mesons, a,uj, p. The masses are de- 
noted by m with an appropriate subscript. The sum on 
B is over all the charge states of the lowest baryon octet, 
(p, n. A, S+, S^, I]°, S~, S") as well as the A quartet and 
the triply strange baryon, Q~ . However the latter two are 
not populated up to the highest density in neutron stars, 
nor are any other baryon states save those of the lowest 
octet for reasons given elsewhere Q . The cubic and quar- 
tic a terms were first introduced by Boguta and Bodmer 
so as to bring two additional nuclear matter properties 
under control |16|| . The last term represents the free lep- 
ton Lagrangians. How the theory can be solved in the 
mean field approximation for the ground state of charge 
neutral matter in general beta equilibrium (neutron star 
matter) is described fully in Refs. [§UlJ]. 

The mean values of the non- vanishing meson fields are 
denoted by cr, wqiPoSj in which case the baryon effective 
masses are given by m*g — tub — gaB<^ and the baryon 
eigenvalues by 



euik) = guB^o + gpBPoahB + yk^ + m*g . (2) 

In the above equations, I^b is the isospin projection of 
baryon charge state B. 

The Fermi momenta for the baryons are the positive 
real solutions of 



es(fcB) = A^S = bB^J.n - qBi^e 



(3) 



where 6b and qb are the baryon and electric charge num- 
bers of the baryon state B, and /i„ and /^e are indepen- 
dent chemical potentials for unit baryon number and unit 
negative electric charge number (neutron and electron re- 
spectively). The lepton Fermi momenta are the positive 
real solutions of, 



^kl + ml = He, ^kl + ml = fi^ = He- (4) 

These equations (0) and (0) ensure chemical equilibrium. 
Charge neutrality is expressed as 
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-l)to4/(6^')-E^A/(37r2)=0 (5) 



where the first sum is over the baryons whose Fermi mo- 
menta are kB and the second sum is over the leptons e^ 
and /z~. By simultaneously solving the meson field equa- 
tions, the condition for charge neutrality, and the condi- 
tions for chemical equilibrium (^ Q) , we get the solution 
for the three mean fields, the two chemical potentials, 
the two lepton Fermi momenta, the N baryon Fermi mo- 
menta (where N is the number of baryon charge states 
populated) of beta-stable charge-neutral matter called 
neutron-star-matter at the chosen baryon density in the 
hadronic phase. 



E(2Jb + 1)4/(6^' 



(6) 



The equation of state can be calculated at each baryon 
density for which the solution for the 7-l-N variables enu- 
merated above have been found. It is: 



e = ^mla^ + \mlujl -|- im^pg^ 
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which is the energy density while the pressure is given 
by, 



1 ^ 2 Jb + 1 
3 4:" 27r2 ,/„ 



k^dk/^k^ + m*g 
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These are the diagonal components of the stress-energy 
tensor 



j-p^ ^ _gpu^ j^ Y^ 



dC 
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(9) 



Five of the constants of the theory can be algebraically 
determined by the properties of nuclear matter UM . The 
constants are the nucleon couplings to the scalar, vec- 
tor and vector-isovector mesons, ga-/'ma-,gui/'mi^,gp/mp, 
and the scalar self-interactions defined by b and c. The 
nuclear properties that define their values used here are 
the binding energy B/A = —16.3 MeV, baryon density 
p = 0.153 fm~^, symmetry energy coefficient asym = 
32.5 MeV, compression modulus K — 240 MeV and nu- 
cleon effective mass m* /m — 0.78. How these choices 



are related to empirical data is discussed in Chapter 4, 
Section 5 of Ref. 111. 
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FIG. 1. Electrochemical potential in neutron star matter 
as a function of density. Three cases are compared: (1) only 
nucleons and leptons are present (dashed line), (2) nucleons, 
hyperons and leptons are present (solid line), (3) nucleons, 
leptons and hyperons except the E~ are present (dash-dot 
line) . 



Nuclear matter at normal density does not depend on 
the hyperon couplings. Elsewhere we have shown how 
they can be made consistent with (1) the data on hyper- 
nuclear levels, (2) the binding of the A in nuclear matter 



(which can be determined quite accurately from an ex- 
trapolation of the hypernuclear levels to large atomic 
number A), and (3) neutron star masses |l|. We shall 
assume that all hyperons in the octet have the same cou- 
pling as the A. The couplings are expressed as a ratio to 
the above mentioned nuclcon couplings, 



9Ha/ga: 



gHuo/gLo, Xp = gHp/gp- (10) 



The first two are related to the A binding by a relation 
derived in M and the third can be taken equal to the 
second by invoking vector dominance. Together the hy- 
peron couplings are limited to the range 0.5 < Xa- < 0.7 
PI and we take x„ — 0.6. The corresponding value of x^ 
is 0.658. 
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FIG. 2. Particle populations in neutron star matter con- 
taining nucleons, hyperons and leptons. 



FIG. 3. Particle populations in neutron star matter con- 
taining nucleons, hyperons (absent the E~ because of strong 
repulsion) and leptons. 



III. RESULTS 

To illustrate that the behavior of the electrochemical 
potential is only slightly influenced by the question of 
whether the S" hyperon experiences a strong repulsion 
in nuclear matter, we consider two cases, in one of which 
all hyperons are coupled with the same strength as the 
A, whose coupling can be constrained by observation as 
described above. In the other case, we consider the ex- 
treme case where the E~ experiences such a strong repul- 
sion that it does not appear at all in matter to densities 
exceeding those found in neutron stars. To illustrate how 
hyperons arrest the growth of the electrochemical poten- 
tial with increasing density, we compare the above cases 
with a model in which only nucleons and leptons appear. 
In the latter case, the electrochemical potential increases 
monotonically with density, and it is on that behavior 



that the case for kaon condensation mainly rests. The 
results can be compared in Fig. |l|. 

It is apparent that the hyperons limit the growth of the 
electrochemical potential at a density of 2.5 to 3 times 
nuclear density, and bring about its monotonic decrease 
at higher density from a maximum value of about 200 
MeV, which is far below the vacuum mass of the K^ of 
494 MeV. This renders kaon condensation problematic, 
and further progress on this question will require very 
accurate evaluation of the behavior of the K~ mass as 
a function of density, as well as continuing experimental 
work on hyperon interactions. 



charge state is charge favored or unfavored, and the third 
term whether it is isospin favored or unfavored. 

The maximum neutron star mass is only somewhat 
perturbed by uncertainty in the E^ coupling as can be 
seen in Fig. H. It is seen that hyperons significantly re- 
duce the limiting neutron star mass to a value '^ I.SMq 
in this theory with coupling constants chosen in accord 
with nuclear and hypernuclear data. The latter data is 
not nearly as firm as the former and introduces some un- 
certainty. A limit of ~ 1.7 Mq for neutron stars would 
be compatible with these uncertainties, but is in our es- 
timation less favored than the first limit mentioned fill. 
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FIG. 4. Neutron Star sequences corresponding to the 
three cases defined in Fig. hi 



It is interesting to see how the hyperon populations ad- 
just to the possible absence of the S~. This can be seen 
by comparing Figs, g and |[ The second of these two fig- 
ures is the one in which the S^ is absent. We see that to 
compensate the absence of the S^, the A threshold has 
been reduced somewhat, and the S^ threshold has been 
greatly reduced. These changes take place to most eco- 
nomically bring about charge neutrality in neutron star 
matter and illustrate how powerful the Pauli Principle 
is in arranging Fermion populations of conserved type in 
dense matter so as to minimize energy at given density. 
The great reduction of the S~ threshold in the absence 
of the S~ occurs because it is charge favored, replacing 
a neutron and electron at the top of their Fermi seas (al- 
though both S^ and S" are isospin unfavored) W. The 
threshold condition for baryon B is 

^J■n > qsy-e + g^S^O + gpSPOzhs +mB - gaB ■ (H) 

The sign of gpsPoa is determined by the net isospin den- 
sity of the star, which is dominated by the neutron. The 
first term on the left determines whether a given baryon 
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